Introduction
Genes which are involved in the cellular repair of DNA single-strand (DNA-ssb) and double-strand breaks (DNA-dsb) are important for both the maintenance of genomic stability and eventual cellular survival following gentoxic insult. For example, following exposure to ionizing radiation, there is evidence to suggest that rodent and human ®broblasts can repair potentially lethal DNA-dsb utilizing both homologous and non-homologous (i.e. end-joining) DNA-dsb repair pathways (see Jeggo, 1997; Kanaar and Hoeijmakers, 1997; Nunez et al., 1996 for review). The normal ®broblast response to DNA strand breakage includes a wild type p53 (WTp53)-dependent G1 phase cell cycle arrest thought to be mediated by the p21 WAF1/CIP1 gene product through inhibition of G1 cyclin-kinase and pRb (retinoblastoma) protein activity (Cox and Lane, 1995; Dulic et al., 1994; El-Deiry et al., 1994; Kuerbitz et al., 1992; Nelson and Kastan, 1994) . This DNAdamage response pathway also includes the ATM protein, (mutated in the human radiosensitive disorder, ataxia telangiectasia) which is thought to act upstream of the WTp53 gene product in regulating distinct p53-dependent cell-cycle checkpoint and apoptotic pathways (Barlow et al., 1997; Wang et al., 1997) . Further regulation of WTp53 protein activity and posttranslational modi®cation, can occur in a negative feedback manner following DNA damage, by interactions with the mdm2 protein (Shieh et al., 1997) .
The WTp53-mediated G1 cell cycle arrest may be triggered by as little as one unrepaired DNA-dsb (DiLeonardo et al., 1994) . These results have suggested the hypothesis that, in normal cells, a WTp53-mediated G1 arrest response may allow cells to repair DNA strand breaks prior to initiating DNA synthesis and replication, thereby possibly promoting cell survival and preventing genetic mutations. If DNA damage is severe, cells could abort the cell cycle and undergo either permanent growth arrest, one or two abortive mitotic cycles prior to lysis, or apoptosis, depending on the cell type and growth conditions (Chang and Little, 1992; DiLeonardo et al., 1994; Hill, 1992; Lin and Benchimol, 1995; Linke et al., 1997; Little, 1994; Midgley et al., 1995; Vidair et al., 1996) .
An abrogated G1-arrest response has been observed in early-passage rodent and human ®broblasts which express a trans-dominant mutant p53 (MTp53) protein and variably in cells which express the viral papillomavirus oncoproteins E6 and E7 (reviewed in Bristow et al., 1996b) . In contrast, the G1 arrest response may be absent in heavily-passaged human tumour cell lines . The loss of the G1-checkpoint function could therefore explain the genomic instability and increased spontaneous tumourigenesis observed in WTp53-de®cient cells (Levine, 1997) . However, murine ®broblasts derived from p21 WAF1/CIP17/7 and Rb 7/7 knockout mice show only a partial G1 arrest following irradiation (Slebos et al., 1994; Deng et al., 1995) , suggesting that p53-mediated cellular functions are complex, and that a number of serial or parallel pathways may exist which determine mutant cellular phenotypes following a loss of WTp53 protein function (Caelles et al., 1994; Dimri et al., 1996; Chen et al., 1996; Peacock et al., 1995) . Furthermore, there is evidence in the literature to suggest that MTp53 proteins may mediate their cellular eect(s) in a manner independent of their interaction with WTp53 proteins (i.e. so-called`gain of function'), based on altered the ability of certain MTp53 proteins to alter cell proliferation, tumourigenicity, metastatic ability and show novel interactions with nuclear-matrix associated proteins, when over-expressed in null-p53 cell lines (Dittmer et al., 1993; Muller et al., 1996; Pohl et al., 1988; Shaulsky et al., 1991) .
Attempts to link the status of the G1 checkpoint and p53 genotype with cellular viability following DNA damage have found that an intact WTp53-mediated G1 arrest response is not always protective for cells (reviewed in Bristow et al., 1996b; Gupta et al., 1996; Zolcer et al., 1995) . Our laboratories have previously observed that the relative radioresistance in rat embryo ®broblasts (REF cells) following transfection with a highly-transforming missense-mutant p53 allele (MTp53pro193) was correlated to increased constitutive expression of MTp53 protein (Bristow et al., 1994) . The acquired radioresistance was hypothesized to occur when the exogenously transfected murine MTp53 allele was expressed at high levels leading to inactivation of endogenous rat WTp53 protein in a dominant negative manner. These studies were further supported by our ®nding that, following irradiation, E7/ras-transformed REF transformants expressing a wild type p53 gene underwent a G1 cell cycle delay dependent on the induction of the p21 WAF1/CIP1 gene, and had decreased clonogenic survival compared to similarly transfected REF clones which expressed an endogenous, or exogenous MTp53 gene and had an abrogated G1 checkpoint (Peacock et al., 1995) . Mutant p53-mediated radioresistance has also been observed in: haematopoietic cells derived from transgenic mice with germ-line mutations in the p53 gene (Lee and Bernstein, 1993) ; human tumour cell lines representing Burkitt's lymphoma, breast carcinoma, thryoid carcinoma, bladder carcinoma and, astrocytoma which expressed high levels of mutant p53 protein and fail to undergo a radiation-induced G1 arrest and in MTp53-expressing rodent tumour cells (Bristow et al., 1996b ).
The p53 genotype and level of WTp53 protein expression can also determine the capacity for cellular apoptosis in certain model systems, and can be modulated in part by the co-expression of other genes such as ras, c-myc, bcl-2, bax and adenovirus E1a (Kitada et al., 1996; Levine, 1997; White et al., 1994) . Although cells derived from haematopoetic cell lineages readily undergo apoptosis following DNA damage, non-apoptotic modes of cellular death may be more important in other cell types, such as ®broblasts (Aldridge et al., 1995; Dewey et al., 1995; Serrano et al., 1997) . Of interest, transfection studies by Lowe et al., (1994a,b) have shown that murine embryo ®broblasts (MEF) homozygously de®cient in both p53 alleles and transfected with the adenovirus-E1a and H-ras genes, show reduced levels of apoptosis after exposure to ionizing radiation in comparison to similarly transfected MEF cells containing one or two intact wild type p53 alleles. These same authors have argued that dierences in tumour cell sensitivity to radiotherapy or chemotherapy may be explained by the ability of certain oncogenes, such as adenovirus E1a, to induce apoptosis following DNA damage in cells which express a WTp53 genotype. Whether the level of apoptosis and its p53-dependency following irradiation can predict for ultimate tumour clonogen kill is an important issue as local tumour control following chemo-and radiotherapy is ultimately dependent on the number of surviving tumour cells which are capable of clonogenic growth (Aldridge et al., 1995; Bristow et al., 1996b; Hill, 1992; Yin and Schimke, 1995) .
Following our initial transfection results with transformed REF clones (Bristow et al., 1994; Peacock et al., 1995) , we hypothesized that mutant p53-mediated radioresistance in tumour cells may be a function of: (1) the level of expression and relative transforming potential of the mutant p53 allele, (2) the relative level of apoptosis amongst WTp53 and MTp53-expressing cell lines, and/or (3), dierential DNA repair capability. In the present study we report the characterization and relative clonogenic radiation survival for a number of tumourigenic rat embryo ®broblast clones transformed by activated H-ras alone (CLASS I clones) or by the H-ras oncogene in cooperation with a variety of human and murine mutant p53 alleles (i.e. CLASS II clones). We show that the relative resistance to ionizing radiation observed in CLASS II clones expressing a transdominant mutant p53 allele is correlated with increased levels of MTp53 expression and an abrogated G1 cell cycle arrest. The increased resistance of MTp53-expressing cells to ionizing radiation was not explained by a dierential apoptotic response. More importantly, radioresistant MTp53-expressing cell lines were found to be more pro®cient at dsDNA break rejoining during low dose-rate (LDR) irradiation than WTp53-expressing cell lines, suggesting a possible role for MTp53 proteins in modifying DNA repair.
Results

In vitro and in vivo characteristics of CLASS I and CLASS II REF transformants
REF clones were classi®ed into CLASS I (i.e. p21
ras -expressing cell lines), or CLASS II (ie. cell lines coexpressing detectable levels of p53 and p21 ras proteins) based on Western blot and immunoprecipitation analyses at the time of phenotypic characterization. For example, after immunoprecipitating cellular p53 protein using the PAb1801 antibody (which recognizes a denaturation-resistant epitope on the human p53 protein), we were able to classify clones ala143.1ras, ala143.ras, his273.4ras and his273.5ras as CLASS II clones even though they expressed low levels of stable p53 protein on Western blot analysis.The relative expression of the p21 ras or p53 proteins, and results from p53-immunoprecipitation analyses, for CLASS I and II clones are shown in Figure 1 . In comparison to CLASS I clones, CLASS II clones had a trend towards increased anchorage independence (i.e. mean plating eciency in agar of 0.11 versus 0.03 respectively; P=0.08), increased plating eciency on plastic (i.e. mean values of 0.18 versus 0.08 respectively; P=0.003), and decreased cell doubling times in vitro (i.e. mean values of 13 h versus 22 h respectively; P=0.05).
When the cell lines were tested for tumourigenicity in vivo, CLASS II clones had non-signi®cant reductions in tumour latency as compared to CLASS I clones (mean of 12.6 versus 21.0 days to reach 0.5 gms in weight respectively; P=0.2) and tumour cell doubling time (mean of 2.6 versus 2.9 days respectively, P=0.9). As with previous studies, CLASS II clones expressing a variety of MTp53 alleles were found to be 100% tumourigenic when injected intra-muscularly into SCID mice, compared to the 60 ± 100% incidence of tumourigenicity among CLASS I clones (Bristow et al., 1994 (Bristow et al., , 1996a Kikuchi-Yanoshita et al., 1995) .
We have previously shown that the p21 WAF1/CIP1 gene is upregulated in REF cells following ionizing radiation in a WTp53 protein-dependent manner (Peacock et al., 1995) . Furthermore, the WTp53-mediated G1 checkpoint following ionizing radiation may lead to prolonged hypo-phosphorylation of the retinoblastoma (RB) protein (Cox and Lane, 1995; Slebos et al., 1994 Figure 1 were ®tted to the linear-quadratic equation of cell kill (Bristow et al., 1994) to produce the curves in Figure 2b . The SF2 and D10 values for these cell survival curves are quantitated in Table 1 (Bristow et al., 1994) .
The shoulder on the radiation survival curve of mammalian cells after single, graded doses of radiation is thought to be indicative of the capacity of the cells to accumulate, and subsequently repair, sublethal radiation damage (Hill, 1992 Figure 2b) . A trend favouring radioresistance in CLASS II clones over CLASS I clones was also observed following intercomparison of the D10 values (P=0.07), or based on other calculated parameters of intrinsic radiosensitivity (i.e. MID: P=0.05; alpha: P=0.08; data not shown). The shape of the radiation survival curves at higher doses was less variable among CLASS I and CLASS II clones (i.e. small differences in the calculated Do parameter; P=0.14). We found no signi®cant correlation between SF2 (or D10) values, and either the fraction of cells in S-phase at the time of irradiation or inter-experimental plating eciency (results of linear regression analyses not shown).
Although CLASS II clones were more radioresistant as a group compared to CLASS I clones, there was great heterogeneity in the values of SF2 and D10 among both CLASS I and CLASS II clones. In order to determine whether the relative level of p21 ras or MTp53 protein expression could explain this heterogeneity, we determined the relationship between oncoprotein expression and radiation survival for all CLASS II clones. Among CLASS II REF clones, there was a signi®cant correlation between MTp53 expression, and radioresistance as measured by the SF2 values (r=0.72; P=0.003) or D10 values (R=0.84; P= 0.006). This relationship is plotted in Figure 2c . The radioresistance observed among the tumourigenic ras protein), regardless of the exact missense-MTp53 allele expressed. As an overlap existed between the individual parameters of radiosensitivity for CLASS I and CLASS II clones listed in Table 1 , it is pertinent to note that a possible relationship between MTp53, and acquired radioresistance post-transfection, would not have been appreciated in the absence of data relating to MTp53 relative protein expression.
Radiation-induced apoptosis is minimal among CLASS I and II REF transformants with variable clonogenic radiation survival
It has been suggested that apoptosis may determine cellular viability following ionizing radiation. We therefore determined the relative level of radiationinduced apoptosis for selected CLASS I and CLASS II clones (which had shown variable clonogenic survival following irradiation). Based on the percent of cells with Closed symbols denote data for those CLASS II clones which were used for the cell cycle analyses presented in Figure 4b apoptotic nuclei (or based on the exclusion of the dye, Trypan blue; see Materials and methods for details) following irradiation, we found that radiation-induced apoptosis following doses of 2 ± 4 Gy was minimal at post-irradiation cell collection times ranging from 12 ± 72 h. For example, at 36 h following a dose of 2 Gy which resulted in a ®nal clonogenic survival ranging from 0.51 ± 0.88, the apoptotic phenotype was observed in less than 5% of cells independent of p53 genotype. Although increased levels of apoptosis were noted at higher doses of 6 and 10 Gy (however, not universally in a dose-responsive manner for each cell line), the mean number of nuclei with apoptotic features among CLASS I compared to CLASS II clones at these doses, was not signi®cantly dierent at 36 h posttreatment, or other times ranging from 12 ± 72 h postirradiation (P40.1; see Figure 3 and data not shown). Furthermore, we did not observe the total number of cells per¯ask decreasing over time following irradiation suggesting that it is unlikely our results were biased by large numbers of cells undergoing apoptosis at times other than those selected for scoring. Finally, agarose gel electrophoresis of DNA extracted from irradiated untransfected REF cells or CLASS I and CLASS II clones did not result in 180 ± 200 bp DNA fragmentation over a variety of radiation doses, and initial experiments suggested that there were no dierences in radiationinduced apoptosis among CLASS I and II clones using ā ow cytometric TUNEL analysis (data not shown; Lin and Benchimol, 1995) . Therefore the relative radioresistance of CLASS II clones versus CLASS I clones was not explained by decreased apoptosis compared to CLASS I clones based on a number of morphologic and biochemical end-points. Other groups have reported that the apoptotic response following DNA damage is reduced in ®broblasts which express either activated Hras or mutated p53 proteins (Aldridge et al., 1995; Fernandes et al., 1996 The SF2 and D10 values for these transformants have been previously reported (see Bristow et al., 1994) , and are included for comparative purposes Figure 3 Mean percentages of¯oating and adhered cells with apoptotic nuclei at 36 h following radiation doses of 2 ± 10 Gy for slected CLASS I or II cultures based on 2 ± 3 independent experiments; error bars are ommitted for clarity. There were no signi®cant dierences in apoptosis between the two classes of REF clones (Mann ± Whitney test; P40.1)
In HPV16-E7/ras-transfected REF clones, apoptosis occurs following serum-deprivation, but it is dependent on WTp53 protein expression (Peacock et al., 1995) . Of note, we have observed 180 ± 200 kb DNA fragments in DNA derived from CLASS I and II REF clone cultures as they attain plateau-phase. Consistent with this observation, recent studies have documented WTp53-independent apoptosis in transformed cell lines as a function of growth state, with increased apoptosis occuring spontaneously in cultures as they reach con¯uency (Brezden and Rauth, 1995) . Apoptosis has also been observed within histologic sections of non-irradiated tumours derived from i.m. injection of CLASS II clones (D Banerjee, personal communication, 1995) . This suggests that CLASS I and II clones are competent to undergo apoptosis under conditions of con¯uency or nutrient-deprivation, but do not following exposure to ionizing radiation in culture.
Radioresistance and an abrogated G1 arrest following irradiation is correlated with increased MTp53 expression
Previous studies (DiLeonardo et al., 1995; Williams et al., 1997) have observed that a permanent cell cycle arrest (rather than apoptosis) occurs in early-passage rodent or human ®broblasts following exposure of cells to ionizing radiation.
Consistent with these previous observations, our untransfected REF cells acquired a morphology not unlike senescent ®broblast cultures following irradiation, and continued to adhere to tissue culture plates for periods greater than 72 h without a decrease in total cell number (data not shown). Consequently, the status of the G1 arrest following a dose of 6 Gy was determined for selected early-passage CLASS I and CLASS II rat embryo ®broblast clones using dualparameter¯ow cytometry. Representative dot-plots showing the relative fraction of cells in G1, S and G2 in control and irradiated cultures are shown in Figure  4a . Quantitation of the G1 arrest response following 6 Gy of irradiation is shown in Table 1 (Peacock et al., 1995) . Figure 4b shows the relationship between the status of the G1 arrest following irradiation and the relative radiosensitivity for REF transformants following 6 Gy. We observed an inverse relationship between the level of G1 arrest, and the in vitro surviving fraction at 6 Gy among the group of REF transformant clones tested. CLASS II clone; and (v) pro193.1ras CLASS II clone. Mean G1 : S (irradiated)/G1 : S (non-irradiated) ratios for irradiated and mock-irradiated cells were calculated as described in the Materials and methods section, and are tabulated in Table 1 ; (b) Relationship between G1 arrest response as measured by mean G1 : S (irradiated)/G1 : S (non-irradiated) ratios and clonogenic surviving fraction for CLASS I (triangles) and CLASS II (circles) clones irradiated to a dose of 6 Gy. Values of G1 : S ratios which lie below dotted line are signi®cantly dierent from the other G1 : S ratios (P50.01), and represent the G1 arrest responses of CLASS II clones with the highest levels of endogenous MTp53 protein expression (i.e. clones pro193.1ras, val135.3ras and asp236.ras). Also shown for comparison is the G1 arrest response for untransfected REF cells ( CLASS II clones which lost their ability to fully arrest in G1 following ionizing radiation acquired relative radioresistance compared to those clones which maintained an intact G1 arrest. For example, the radiation-induced G1 arrest response was signi®cantly abrogated (i.e. G1 : S (irradiated)/G1 : S (non-irradiated) ratios ranging from 1. Figure 4a ; quantitative data not shown).
MTp53-expressing REF transformant cells are pro®cient at DNA double strand (DNA-dsb) break rejoining during low dose rate (LDR) irradiation
The observation that MTp53-expressing cell lines had acquired relative radioresistance and enhanced survival in the low dose shoulder region of the HDR survival curve led us to examine whether MTp53-expressing REF transformant cells were pro®cient at cellular and DNA repair. Treating cells with continuous low doserate irradiation provides a sensitive assay to detect potentially small dierences in sublethal DNA repair capacity among mammalian cells (Cassoni et al., 1992; Hu and Hill, 1996; McMillan and Peacock, 1994; Steel, 1991) . Figure 5a shows the clonogenic survival following LDR treatment for four MTp53-expressing CLASS II clones, two WTp53-expressing CLASS I clones, and the untrasfected REF control cell line, over a series of radiation doses ranging from 5 ± 20 Gy. We found that the MTp53-expressing cell lines, as a group, were signi®cantly more radioresistant at 10 Gy (P=0.03) and 20 Gy (P=0.02) than the group of WTp53-expressing cell lines. Furthermore, the relative rank of the cell lines as measured by clonogenic survival following 20 Gy of LDR-radiation correlated well with that for SF2 value as a measure of the shoulder region of the radiation survival curve following HDR-radiation (see Table 1 ).
REF transformant cell lines were also tested for their ability to rejoin DNA double strand breaks following 20 Gy of ionizing radiation under HDR-or LDR-irradiation conditions. The normalized tail moments (NTM) relating to the number of DNA double strand breaks following LDR-irradiation measured at 0 and 60 min following irradiation were determined for the MTp53-and WTp53-expressing clones. The relatively radioresistant HPVE7/ras-trans- (Cheong et al., 1993; Mirzayans et al., 1995) , we found no signi®cant dierences between CLASS II and I clones in the rejoining kinetics of DNA-dsbs following 20 Gy given at high dose rate (data not shown). However, these results do indicate that MTp53-expressing cells are not de®cient at DNA-dsb break repair when irradiated during high dose-rate radiation. In contrast, and consistent with the results in Figure 5a , we found that the MTp53-expressing cells had signi®cantly less residual DNAdsbs than WTp53-expressing cells immediately following the completion of LDR-radiation (see Figure 5b ). These observations suggest that MTp53-expressing cells can rejoin dsDNA breaks to a greater extent (or at a faster rate) than WTp53-expressing cell lines during the (Hu and Hill, 1996) . Although it has been suggested that cell lines which have a large fraction of cells in Sphase (435%), have decreased numbers of DNA-dsb post-irradiation, we ruled out this factor as an important confounding variable after plotting NTM versus DNA content (as determined by relative PI staining) for each experiment (Olive et al., 1994; Mateos et al., 1996) . Additionally, we have no evidence that our CLASS I and II REF clones underwent radiation-induced apoptosis during the 16 h of LDR irradiation required for a total dose of 20 Gy.
Discussion
Elucidating the possible genetic factors responsible for the relative sensitivity of cells to DNA damage may provide important information regarding the cellular pathways that respond to genotoxic stress. This in turn, may provide a basis for understanding the variable clinical response observed for certain normal tissues and human tumours following radio-and chemo-therapy. Cellular exposure to ionizing radiation causes a variety of genomic lesions via direct and indirect (i.e. formation of reactive free radical species) mechanisms, resulting in cell membrane damage, DNA base damage or DNA single-strand and double-strand breaks (Fuks et al., 1995; Hill, 1992; Nunez et al., 1996) . The ability for ®broblasts to survive following ionizing radiation is thought to be dependent on their ability to repair DNA damage, particularly DNA-dsbs, as a means of preventing lethal damage to the genome (Nunez et al., 1996) . Our results, with an extended panel of REF clones, report the novel ®nding of increased cellular and molecular sublethal DNA damage repair in ras-transformed cells which coexpress a MTp53 allele.
Similar to data published for human ®broblast systems Little, 1994, 1995; Williams et al., 1997) , we observed that REF transformants which have an abrogated G1 arrest at 16 h following irradiation acquire increased clonogenic survival after exposure to HDR and LDR ionizing irradiation. Other data suggests that the abrogation of the radiationinduced G1 arrest in human colorectal cell lines may be dependent on the actual missense-mutant p53 protein which is expressed (Pocard et al., 1996) . In our rodent ®broblast transfection model, dierential clonogenic survival was not explained by the relative level of apoptosis following irradiation using standard morphologic and biochemical end-points, a ®nding supported by a number of studies which have reported a decreased apoptotic response in untransfected, or rastransfected ®broblasts, relative to other cell types (Aldridge et al., 1995; White et al., 1994; Yin and Shimke, 1995) .
It is dicult to resolve the ®nding of increased clonogenic survival in MTp53-expressing REF clones which have an abrogated G1 arrest and decreased cell doubling times in vitro compared to WTp53-expressing REF clones. It may be that the relative survival of our CLASS I and CLASS II REF clones is determined by variable levels of permanent cell cycle arrest following an inability to repair DNA-dsb following irradiation (DiLeonardo et al., 1994; Little, 1994; Williams et al., 1997) . Extensive kinetic, and morphologic studies using continuous S-phase labelling will be required on a clone to clone basis in order to correlate permanent cell cycle arrest over multiple cell cycles with relative clonogenic survival (and rejoining of DNA-dsb) over a wide range of doses (Linke et al., 1997) . However, similar to the ®ndings by Aldridge et al. (1995) , Khanna et al. (1996) and Yin and Schimke (1995), our REF transfectant data emphasizes the point that cellular radiation survival measured by assays of apoptosis or clonogenicity may be dissimilar.
As previous studies had not shown consistent correlations between dsDNA break rejoining and clonogenic survival in mammalian cells (Nunez et al., 1996; Olive et al., 1994) , determinations of cellular and molecular repair were performed under continuous LDR-irradiation conditions to provide a more sensitive measure of dierential DNA damage repair than that aorded by HDR-irradiation (Cassoni et al., 1992) . Our observation of more rapid dsDNA break rejoining in CLASS II clones during LDR-radiation may be secondary to dierential eciency of dsDNA break repair during the various phases of the cell cycle, as it would be expected that CLASS I clones would have both G1 and G2 delays during LDR-radiation, whereas CLASS II clones may acquire delays only in the G2 phase of the cell cycle (DeWeese et al., 1997). Higher radiation doses and dose-rates are usually required to activate the S-phase delay following irradiation. As such, our results could also be explained by an increased capacity for DNA-dsb repair in the G2 phase of the cell cycle in comparison to the G1 phase, as a potential mediator of an irreversible cell cycle arrest in our ®broblast transformants (Huang et al., 1996a,b; Schwartz et al., 1996a,b) . Further DNA-dsb repair studies utilizing synchronized cell cultures may provide more information in regard to this issue. Whether the dierences in radiosensitivity among our cells lines are mediated by a variable G2 checkpoint function requires further study (Maity et al., 1994) , however correlations between the duration of the G2 cell cycle delay and relative radioresistance, particularly among cells with altered WTp53 function, has not been generally observed (reviewed in Bristow et al., 1996b) . Radford (1994) investigated both DNA-dsb rejoining and relative apoptosis (under HDR-conditions) among a group of murine lymphoid and myeloid cell lines which varied in p53 genotype, and concluded that radioresistant MTp53-expressing cells had a delayed apoptotic death compared to WTp53-expressing cell lines. MTp53-expressing cells appeared to have a greater capacity for DNA-dsb rejoining following HDR-irradiation as compared to WTp53-expressing cells. However, in the study by Radford, the DNA-dsb assay was disrupted by co-incident DNA degradation due to apoptotic cells (manifested by an increasing number of DNA-dsb starting at 45 min post-irradiation). We did not observe such an eect in the present study, providing further support for minimal radiationinduced apoptosis within irradiated CLASS I and CLASS II REF transformants.
Abnormal DNA replication in the form of decreased replicon initiation and chain elongation has been reported by Mirzayans et al., (1995) in radioresistant MTp53-expressing Li ± Fraumeni ®broblasts compared to normal WTp53-expressing controls. However, no dierences in DNA-ssb rejoining were reported following HDR-radiation between these cell types; unfortunately, relative DNA-dsb break rejoining was not investigated by Mirzayans and co-workers. Our results with REF CLASS I and II clones support the ®ndings of these previous studies, as we also failed to detect dierences in DNA-dsb rejoining under HDRconditions for cells which potentially vary in WTp53 protein function. Although our LDR-radiation results argue for a greater DNA-dsb repair rate in MTp53-expressing cells, we caution that these observations do not address the relative ®delity of such repair (Powell and McMillan, 1994) .
TheWTp53 gene product has been implicated as a determinant of certain aspects of nucleotide-excision repair (NER) following UV-irradiation, yet, the relationship between DNA repair capability and cell survival is unclear. Although all of the reports suggest that global NER activity is decreased in cells which lack WTp53 protein function, these same studies also reported either decreased or no change in clonogenic UV-radiation survival (Ishizaki et al., 1994; DeFrank et al., 1996; Smith et al., 1995) or increased UV-radiation survival (Afzal et al., 1994; Fan et al., 1994; Sands et al., 1994; Ford and Hanawalt, 1995; McKay et al., 1997) . It would therefore seem that the WTp53 protein's role in DNA repair may be pleiotropic, depending on the nature of DNA damage (i.e. UV-induced base alterations such as thymidime dimers versus ionizing radiation-induced dsDNA breaks), the repair pathway involved (i.e. NER versus DNA break repair), and the cell type in which it is expressed.
Alternate mechansims for radioresistance could involve a higher level of baseline DNA repair and survival of mutant cells following the loss of genomic stability aorded by the WTp53 protein (Griths et al., 1997; Morgan and Murnane, 1995) . Of note, inactivation of WTp53 function can result in high rates of homologous recombination and a trend towards increased non-homologous recombination (the latter thought to be a more important pathway for DNA-dsb repair in mammalian cells; Kanaar and Hoeijmakers, 1997; Mekeel et al., 1997) . We have previously observed a relative decrease in the rejoining of DNA-dsb following continuous LDR irradiation for a series of CHO cell lines which do not express the DNA-PK cs or Ku80 sub-units of the DNA-protein kinase (DNA-PK) repair complex (Hu and Hill, 1996) . Recently, it has been suggested that the phosphorylation by DNA-PK of WTp53 at serines 15 and 37 hinders it's negative regulation by the mdm2 protein, suggesting a role for DNA-PK in the WTp53-dependent DNA-damage response pathway (Shieh et al., 1997) . However, to date, there has been no direct link between the loss of WTp53 function and a subsequent alteration in the activity or expression of DNA-PK-associated proteins, and furthermore, alterations in DNA-PK enzymatic activity have not been correlated to altered radiosensitivity or DNA-dsb repair in human tumour cell lines (Allulanis-Turner et al., 1995, 1997; Daza et al., 1997; Huang et al., 1996b;  reviewed by Jeggo, 1997). It will be of interest to determine whether the homologous, or non-homologous recombination pathways of DNA-dsb repair are altered in our isogenic transformed clones.
The observation that the level of constituitive MTp53 protein expression is a determinant of cellular radioresistance may be important and is supported by retrospective analyses of human tumour radiosensitivity data published by McIlwrath et al. (1994) , Li et al. (1995) and Siles et al. (1996) which suggests that those cell lines with high levels of constituitive MTp53 expression are relatively radioresistant (reviewed by Bristow et al., 1996b) . Our present data would suggest that certain MTp53 proteins may confer a`gain of function' in this development of the radioresistant phenotype, and is supported by other experiments in our laboratories which have shown increased radioresistance among null-p53 transformed cell lines transfected with a MTp53 allele (Bristow et al., manuscript in preparation) . Recently, it has been hypothesized that the stabilization of p53 proteins observed following DNA damage may represent the formation of complexes between the carboxy-termini of p53 proteins and sites of DNA damage, perhaps signalling the recruitment of multi-protein repair complexes (Jayaraman and Prives, 1995; Lee et al., 1995) . Of note, the p53 carboxy-terminus is rarely a site for p53 gene mutation, and missense-MTp53 proteins retain the ability for non-speci®c DNA binding and DNA strand re-annealing following DNA damage (Bakalkin et al., 1995; Reed et al., 1995; Wu et al., 1995) . Thus, one can speculate that an increased concentration of MTp53 protein carboxytermini following exogenous transfection in our CLASS II clones could mechanistically explain the correlation between MTp53 protein expression and radioresistance. Alternately, increased MTp53 expression could lead to novel protein ± protein interactions involved in chromatin structure or cell-cycle control (Chen et al., 1994; Muller et al., 1996) . We are currently investigating these hypotheses.
Mutations in the p53 tumour suppressor gene have been associated with the acquisition of a number of aggressive tumour cell phenotypes including increased growth advantage in vitro and in vivo, radio-and chemoresistance, increased metastatic potential, growth factor autonomy, tumour angiogenesis (Blondal and Benchimol, 1994; Bristow et al., 1996b; Levine, 1997) . Up to 30 ± 50% of human tumours are thought to contain mutations in the p53 gene; 5 ± 20% of tumours may contain the H-ras oncogene; and over 10% of selected human tumour specimens may contain both activated H-ras and MTp53 sequences (Blondal and Benchimol, 1994; Greenblatt et al., 1995) . The data from the present study suggests that certain cells may acquire radioresistance and increased dsDNA break rejoining capacity imparted by constitutive co-expression of mutant p53 in co-operation with activated Hras proteins. In some experimental and clinical studies, increased DNA repair capacity and MTp53 expression have been associated with relative chemo-and radioresistance (Bristow et al., 1996b; Gallo et al., 1996; Koch et al., 1996; Nunez et al., 1996) . Documenting genetic changes in pre-treatment tumour specimens, such as altered WTp53 function, could potentially de®ne a subset of patients whose tumours are clinically radioresistant, and therefore allow for the speci®c implementation of novel genetic or drug strategies to target MTp53-expressing tumours in combination with radiotherapy.
Materials and methods
Establishment of transfected cell lines
The origin and derivation of the plasmids used for transfection experiments have been previously described (Bristow et al., 1994; Peacock et al., 1995; Rovinski and Benchimol, 1988; Slingerland et al., 1993) . Activated c-Haras sequences were present on a derivative of the pEJ6.6 vector (i.e. pEJras-neo) which contains the neo drug resistance marker. pJ4O16-E7 is a derivative of pJ4 containing an intact human papillomavirus type 16 E7 gene under the control of the Moloney murine leukemia virus LTR. pECHser135 is a human mutant p53 cDNA derived from primary blasts of a patient with acute myelogenous leukemia in which a point mutation converts cysteine at codon 135 to serine. bhuphis273 was created by PCR directed mutagenesis of a wild type human p53 cDNA sequence converting arginine to histidine at codon 273. bhup53ala143 and CMVhupala143 were cloned from PCR ampli®ed DNA derived from a human colon carcinoma sample and contain a b-actin or CMV promoter. CMVhup53his175 was created by site directed mutagenesis and is identical to the human mutant p53 detected in a number of human tumours. MTp53pro193, p53asn190 and p53val135 are entire mouse p53 genes cloned into pUC18 with point mutations at codons 193 (arginine to proline), 190 (histidine to asparagine) and 135 (alanine to valine) respectively. p53asp236 contains the entire murine p53 gene cloned into a bacteriophage lamda vector L47.1 with a point mutation at codon 236 (asparagine to aspartic acid).
Primary rat embryo ®broblasts (REF) were transfected via the calcium phosphate technique (Peacock et al., 1995; Slingerland et al., 1993) and using 10 mg NIH3T3 carrier DNA in addition to one or more of the following as indicated: 2 mg pEJras-neo, and 2 mg of b-actin-promoted or CMV-promoted mutant 53 vector DNA. Cells were trypsinized 36 h later and replated onto 60 mm diameter dishes with MEM plus 10% FCS. The majority of transfectant clones were isolated initially as foci of morphologically transformed cells that overgrew a monolayer of normal REF cells after gene transfer. In certain transfections, G418 was included in the medium. Foci were counted and veri®ed microscopically as 3-dimensional colonies 11 ± 14 days later, isolated with cloning cylinders and expanded before freezing in liquid nitrogen. At the time of characterization, cells were thawed and passaged at a ratio of 1 : 5 at con¯uence and scored as immortal if they survived to the 5th passage. Early passage cell lines were characterized from passages 5 ± 10 in culture.
Immunoprecipitation and Western blot analyses
The levels of p53 protein and p21 ras protein expressed in the various cell lines were measured by Western immunoblot analysis (Bristow et al., 1994) . Cells were grown to semi-con¯uence on 100 mm culture dishes and then lysed on ice for 20 min using 1 ml lysis buer (150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100, 10 mM TRIS (pH 7.4), plus the protease inhibitors leupeptin, aprotinin and pepstatin). The ®nal protein concentration for each cellular lysate was determined using the Lowry assay based on the mean values of three assays for a given lysate. In determining the relative level of protein expression between the cell lines, an equal amount of protein (25 mg of total cellular protein) was loaded into wells of a 10% polyacrylamide gel containing SDS and subjected to electrophoresis. Samples resolved by SDS-polyacrylamide electrophoresis were transferred onto nitrocellulose membranes using a semi-dry electrophoretic transfer cell overnight in transfer buer (75 mM Glycine, 10 mM Tris, 20% methanol). Following protein transfer, visual inspection of polyacrylamide gels and nitrocellulose membranes, stained with Coomassie blue and Ponceau's stains respectively, con®rmed equal transfer of protein across all lanes of interest. After transfer, the membranes were placed in blocking solution (TBST/10% low fat milk), and incubated for 1 h with constant agitation. The membranes were then incubated with either PAb421 antibodies to detect p53, pan-ras val-12 antibodies (Oncogene Science) to detect p21 ras or anti-p21
(Santa-Cruz) to detect rodent p21 WAF1/CIP1 protein. The membranes were rinsed and washed in TBST plus 10% milk and incubated with a secondary antibody (4 ml of anti-mouse IgG (Sigma) in a 1 : 2500 dilution for 1 h). The membrane was ®nally rinsed in ECL Detection reagent (Amersham) and exposed to photographic ®lm (Dupont).
Relative p21 ras or p53 expression was determined using varied ®lm exposures to ensure linear densitometry on a Molecular Dynamics densitometer with ImageQuant software (Bristow et al., 1996a) . A relative level of 1.0 was determined for the band representing p21 ras expression in REF control transfectants. A relative level of 1.0 was used for the visible expression of p53 protein in the lowest p53 expressing REF clone (i.e. ala143.ras). As previously described, the rat endogenous WTp53 band was faint to undetectable using cell lysates from untransfected or pSV2neo-transfected REF control cell lines (Rovinski and Benchimol, 1988) . Although caution must be used in the interpretation of the quantitation of relative protein expression as determined by Western blot analysis, we observed a similar relative expression among the cell lines tested over a number of serial passages in culture. Furthermore, previously published data (Slingerland et al., 1993) has shown that endogenous rat p53 and the human missense-MTp53 proteins co-immunoprecipitate utilizing the primate-speci®c p53 antibody, PAb1801, indicating that rodent and human p53 proteins may form hetero-complexes in vivo. Finally, in order to con®rm that selected tumourigenic REF cell lines which expressed low levels of human MTp53 on Western blot were, in fact, expressing MTp53 plasmid post-transfection, immunoprecipitation analyses using the PAb1801 and PAb240 antibodies which react with human and MTp53 protein epitopes were performed (Slingerland et al., 1993) .
Data from both Western blot and immunoprecipitation analyses were used to group REF clones into two classes based on relative oncoprotein expression at the time of in vitro and in vivo phenotypic characterization: (1) ras proteins (n=15 early-passage clones). As such, the CLASS I transfectant category contains both REF clones which were successfully transfected with the H-ras allele alone, and REF clones co-transfected with H-ras and MTp53 which resulted in cell lines which expressed p21 ras protein alone, presumably due to loss of, or failure to express, the MTp53 plasmid.
In vitro and in vivo characterization of CLASS I and CLASS II REF clones
Given that cell lines which lack WTp53 function may acquire secondary genetic events with increasing passage in culture (Donehower et al., 1992; Levine, 1997) , every attempt was made to use early-passage REF clones (i.e. passages 5 ± 10) for in vitro and in vivo characterization. Assays for cell doubling times in vitro and colony forming ability in agar (as a measure of anchorage independence) were performed as previously described (Bristow et al., 1994) . In vivo tumour doubling times (Td-in vivo) for selected early-passage REF clones were determined following an injection of 1610 5 cells intra-muscularly into the hind leg of SCID mice (3 ± 5 mice per clone). Following serial tumour measurements, and conversion to tumour weight, tumour doubling time in vivo was calculated as the time required for tumours to increase from 0.5 ± 1.0 gm in weight (Bristow et al., 1994) .
In vitro radiation survival curves
Asynchronously growing cell cultures were washed in phosphate buered saline, then trypsinized and plated onto 60 mm diameter plastic tissue culture dishes (Nunc) prior to irradiation. Early-passage cells were irradiated 16 ± 18 h after seeding in plates, and at cell densities which would yield 25 ± 70 surviving colonies at time of ®xation. Repeated experiments on all clones revealed the multiplicity index was less than 1.1 at the time of irradiation using this protocol. Irradiation under high-dose rate (HDR) conditions was performed using 137 Cs gamma rays at a dose rate of 66 cGy/min under aerobic conditions at room temperature. Surviving colonies were ®xed and stained 8 ± 10 days post-irradiation with a methylene blue solution containing 50% ethanol. Survival was expressed as the relative plating eciencies (PE) of the irradiated to control cells. For each transfectant clone, 2 ± 6 survival curves were obtained under HDR irradiation conditions (average of three experiments per cell line). The surviving fraction at 2 Gy (SF2 value) was calculated for each transfectant clone. This parameter has been shown by our group to be the best discriminator of cellular radiosensitivity in rodent tumour cell lines in culture, and it represents the clinically relevant, low-dose portion of the radiation survival curve (Bristow and Hill, 1990; Bristow et al., 1994) . The dose to reduce fractional survival to 0.10 (D10 value) was also calculated for each clone as a measure of radiosensitivity in the higher-dose portion of the radiation survival curve (Peacock et al., 1995) . Other parameters, such as the mean inactivation dose (MID), the alpha component of the linear-quadratic model of cell kill and the ®nal slope parameter, Do, were calculated as previously described (Bristow et al., 1994; Hill, 1992) . All in vitro parameters were intercompared between transfectant categories with the non-parametric Mann ± Whitney test, and statistical correlations calculated using linear regression analysis based on the MINITAB general statistics program (Minitab Inc., PA).
Characterization of radiation-induced apoptosis
REF cell lines (passage 10 ± 20) were plated into T 25¯a sks at a density which would provide 1610 5 logarithmically growing cells for analysis at the time of harvesting after irradiation. Cell lines were irradiated with doses ranging from 2 ± 10 Gy during logarithmic growth phase and collected for analysis at periods ranging from 12 ± 72 h post-irradiation. Because we had observed that apoptosis in REF transfectant cell lines is growth-phase dependent, an untreated control culture was seeded simultaneously and grown in parallel with the radiation-treated culture for each time point following irradiation. For each experiment, both¯oating cells and adhered cells (post-trypsinization) were collected following irradiation, and then the total sample simultaneously scored for: (1) cell membrane integrity by following direct staining of cells using the viability stain, Trypan blue, and (2), the relative number of cells with condensed areas of chromatin (i.e. apoptotic bodies) using¯uorescence microscopy of cells ®xed in 4% buered-formalin and stained with 10 mM Hoescht 33342 dye for 30 min at room temperature. For each sample, at least 100 cells were scored in three separate microscopic ®elds, and mean values of the per cent of cells with apoptotic morphology are based on 2 ± 3 separate experiments per cell line.
For agarose gel electrophoresis, total genomic DNA was prepared from 1610 6 cells using guanidine thiocyanate and b-mercaptoethanol lysis buer, followed by ethanol extraction (Brezden and Rauth, 1995) . Pelleted DNA was resuspended in Tris-EDTA and RNase, and subjected to electrophoresis through a 1.5% agarose gel (pre-stained with ethidium bromide) for 3 h at 80 volts in TE running buer. Ethidium bromide-stained gels were visualized and photographed under ultraviolet light to document the presence of fragmented DNA. The DNA extracted from murine cytotoxic T lymphocytes undergoing apoptosis following deprivation of the cytokine IL-2 served as a positive apoptotic control.
Cell cycle analyses following irradiation using¯ow cytometry
For selected CLASS I and CLASS II clones, the status of the G1 checkpoint following 6 Gy was assessed using dualparameter¯ow cytometry on the basis of DNA content and incorporation of bromodeoxyuridine (BrdU) (Kuerbitz et al., 1992; Peacock et al., 1995; Tlsty, 1995) . Asynchronously growing cultures of REF clones were exposed to 6 Gy (room temperature; aerobic conditions) using a 137 Cs source, and then placed in an incubator at 378C. At 16 h following irradiation, both irradiated and mock-irradiated cells were labelled with 10 mM bromodeoxyuridine (BrdU) at 378C for 2 h, then harvested by trypsinization and washed with 10 ml IFA buer (10 mM HEPES (pH 7.4), 150 mM NaCl, 4% FCS, 0.1% NaN 3 ). Cells were ®xed by dropwise addition of 70% ethanol (5 ml; pre-chilled at 7208C) with gentle vortexing and incubated on ice for 30 min. Following centrifugation, the ®xed cells were resuspended in a solution containing 0.1 N HCL-0.7% Triton X-100 and incubated on ice for a further 10 min. Cells were then diluted, resuspended in 2 ml cold PBS -Mg-Ca , pelleted, resuspended in 0.5 ml deionized water and transferred to microtubes containing 16 ml 0.1 N HCL. Samples were subsequently incubated at 978C for 10 min, and immediately transferred to ice for a further 10 min (Hoy et al., 1989) . Cells were then washed twice (in IFA buer containing 0.5% Tween-20) and resuspended in a ®nal volume of 1 ml IFA buer. To each sample, 20 ml of ā uorescein isothiocyanate-conjugated anti-BrdU antibody (Becton-Dickinson) was added and incubated on ice for 30 min. Cells were then washed twice with 1 ml IFA buer containing 0.5% Tween-20, resuspended and incubated for 15 min at 378C in 0.5 ml IFA buer containing 100 units/ ml RNase A. Finally, samples were treated with 50 mg/ml propidium iodide (Sigma) and incubated for a minimum of 1 h at 48C. The stained cells were analysed on a FACScan ow cytometer (Becton-Dickinson) using the Lysis II software program. To control for any background uorescence associated with non-speci®c anti-BrdU antibody binding within a given experiment, a third mockirradiated sample was prepared without the 2 h incubation with BrdU and analysed accordingly. The status of the G1 checkpoint was quanti®ed for each cell line, based on an average of three independent analyses, by calculating the relative ratio of the fraction of cells in G1 phase to that of BrdU-labelled cells in S phase (above background) for irradiated and mock-irradiated cultures (i.e. G1 : S ratios; Peacock et al., 1995) .
Assay for cellular sublethal damage repair: continuous low dose-rate (LDR) irradiation Dierential sublethal damage repair between mammalian cell lines can be examined by irradiating cells under conditions of continuous low dose-rate irradiation (Cassoni et al., 1992) . For selected MTp53-and WTp53-expressing REF cell lines, the relative clonogenic survival was determined following 5 ± 20 Gy given under LDR irradiation conditions using a 60 Co source with a dose rate of 1.25 Gy/h. Asynchronously growing cells were prepared for LDR-irradiation in the same manner as HDR-irradiated cells, but, in order to provide conditions for optimal repair of radiation-induced damage, cells were plated into waterproof T 25¯a sks and submerged into a 378C waterbath for the duration of irradiation. Mockirradiated cells were placed in a 378C warm room for identical time periods. Relative clonogenic survival was calculated as described above for HDR-irradiated cells.
Measurement of dsDNA breaks following irradiation: the neutral Comet assay
The incidence of DNA double strand breaks at various times following a total dose of 20 Gy under HDR or LDR conditions was determined for selected asynchronouslygrowing REF clones using the neutral Comet assay (Fairbairn et al., 1995; Hu and Hill, 1995; Olive et al., 1996) . Asynchronously-growing cells were prepared for irradiation under HDR or LDR conditions as described above. Immediately following irradiation, cells were either placed on ice (0 min timepoint), or allowed to incubate at 378C for 60 min prior to subsequent trypsinization, and preparation of single cell suspensions for dsDNA-repair analysis. A total of 2610 4 individual cells were mixed with 1.5 ml of 1% agarose, and the suspension was rapidly pipetted onto a glass microscope slide. The sample was allowed to gel for 3 min on ice followed by neutral lysis at 558C for 2 h in buer containing 30 mM EDTA, and 0.5% SDS (pH 8.5). Embedded cells were washed by submersing slides in TBE buer (90 mM Tris, 2 mM EDTA, 90 mM boric acid (pH 8.5)) for 3 h, and were then electrophoresed in fresh TBE buer at 0.6 V/cm for 25 min. This procedure allows for broken segments of DNA to be drawn out of the nucleus of the cell (i.e. head of the Comet) and visualized as a long tail. Slides were rinsed with distilled water and stained for 30 min in 2.5 mg/ml propidium iodide in a light-reduced environment. After staining, slides were rinsed again, and viewed under a¯uorescence microscope attached to a CCD camera and image analysis system. Thirty individual cells (comets) were analysed for each time point per cell line, and 2 ± 3 independent experiments were carried out per cell line. No attempt was made to select comets at the time of analysis, other than to avoid obvious debris, or comets which were overlapping. The normalized tail moment (NTM) (i.e. the relative amount of stained DNA in thè tail' of the Comet relative to the total DNA in the Comet) was used as a parameter to quantitate the amount of DNA damage as described previously (Hu and Hill, 1996) . 
